Genome-wide association studies (GWAS) have identified genetic risk variant adjacent to the homeobox transcription factor PITX2 in atrial fibrillation (AF) patients. Experimental studies demonstrated that Pitx2 insufficiency leads to cellular and molecular substrates that increased atrial arrhythmias susceptibility. Pitx2 expression is present not only in the atrial but also in the ventricular myocytes. This study aims to investigate if insufficiency of Pitx2 in the developing and adult ventricular chambers increased susceptibility to ventricular arrhythmias. Conditional Pitx2 loss-offunction ventricular chamber-specific (Mlc2v-Cre) mouse mutants were generated using Cre/loxP technology. Pitx2 insufficiency in the ventricular myocardium leads interventricular septal thickening during cardiogenesis but else mice are viable until adulthood. Adult Mlc2vCre + Pitx2 -/-hearts display hypertrophic and dilated ventricular chambers. ECG recordings demonstrated that Mlc2vCre + Pitx2
Pitx2 is a homeobox transcription factor that plays an essential role in the early left/right determination (1) . Pitx2 expression is confined to the left side of the embryo within the lateral plate mesoderm, and with further development Pitx2 is maintained asymmetrically expressed in organ primordia such as the stomach and the heart (1-3). Thus, the homeobox transcription factor Pitx2 is the only component in the early left-right signaling cascade that is expressed in the cardiac crescents and early heart tube (4).
The Pitx2 gene generates three isoforms, Pitx2a, Pitx2b and Pitx2c, which are coded by alternative splicing (Pitx2a and Pitx2b) and by different promoter usage (Pitx2c) in mice (2) . The generation of loss-of-function mouse mutants deleting all three Pitx2 isoforms, i.e. Pitx2abc null, displays early embryonic lethality with severe cardiac malformations (5-7), demonstrating the importance of Pitx2 during cardiogenesis. Ai et al. (8) have reported that lack of Pitx2 in the second heart field results in similar developmental phenotype as the germline Pitx2 mouse mutants. In addition, Ammirabile et al. (9) and Tessari et al. (10) has recently demonstrated that lack of Pitx2 in distinct stages of myocyte determination results in distinct cardiac abnormalities during embryogenesis. Kääb et al. (12) have suggested a new role for PITX2 in the adult heart (see for a recent review Franco et al. (13) ). GWAS have independently reported several risk variants on chromosome 4q25 that are strongly associated with AF in distinct human populations (14) (15) (16) (17) (18) (19) (20) . Experimental evidences demonstrated that impaired Pitx2 expression in mice increased atrial arrhythmias susceptibility (21) (22) (23) (24) (25) . Experimental AF similarly disrupts PITX2 expression in pigs (26) further demonstrating a pivotal role of Pitx2 in atrial electrophysiology. Pitx2 is not confined to the atrial chambers but expression is also present within the ventricular chambers (4, 9, 23) . In this study we explored whether Pitx2 contributes to cardiac arrhythmias in the ventricular chambers. By generating Pitx2 ventricular-specific conditional mutant mice, we demonstrate that ventricular deletion of Pitx2 leads to developmental defects which are compatible with life but predispose to impaired electrophysiological function of the adult heart, reminiscent of long QT syndrome. Molecular analyses demonstrate that potassium, but not sodium, ion channel expression is impaired. Microarrays analysis identified mRNAs and microRNAs altered in Pitx2 ventricular-specific mutants providing evidences that Pitx2 modulates miR-1 and miR-148, which modulate Klf4 and distinct ion channels, thus contributing to both arrhythmogenic and hypertrophic features of Pitx2 ventricular-specific insufficiency.
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MATERIALS AND METHODS
Transgenic mouse lines, breeding strategy and PCR screening
The Pitx2floxed and Mlc2v-Cre transgenic mouse lines have been previously described (7, 27) .
Generation and PCR screening of conditional ventricular (Mlc2v-Cre) mutant mice was performed as detailed in Supplementary data. Since conditionally-deleted homozygous mice were viable to adulthood, mice were bred into C57Bl/6J genetic background during 10-12 generations, and offspring was routinely screened for the presence of the Pitx2 floxed allele and the Cre recombinase sequence as previously reported (9, 10, 23) . This investigation conform the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. The study was approved by the University of Jaen Bioethics Committee.
Anatomical and histological analyses
Mice were sacrificed in all cases by cervical dislocation. Adult hearts were carefully dissected and briefly rinsed in Ringer's solution and photographed. Samples processed for histochemistry and immunohistochemistry were fixed overnight in freshly made sterile 4% parafomaldehyde. Samples processed for RNA isolation were dissected (if applicable) and immediately snap-frozen in liquid nitrogen and stored at -80ºC until used. Staged E13.5 and E16.5 embryos and were carefully dissected from uterus, briefly rinsed in sterile PBS and processed accordingly. Adult and embryonic samples processed for histochemistry and immunohistochemistry were dehydrated through graded ethanol steps and embedded in paraplast. Sections were cut at 10 µm and processed for hematoxylin and eosin, Mason´s trichrome and picrosirius according to standard procedures. 
Microarrays analysis
qRT-PCR
mRNA qRT-PCR was performed in Mx3005Tm QPCR System with an MxPro QPCR Software 3.00
(Stratagene) and SyBR Green detection system. Two internal controls, mouse βactin and GAPDH, were used in parallel for each run. Each PCR reaction was performed at least three times to obtain representative averages. Further detail information is provided in Supplementary data. microRNA qRT-PCR was performed using Exiqon LNA microRNA qRT-PCR primers and detection kit according to manufacturer's guidelines. All reactions were always run in triplicates using 5S as normalizing control, as recommended by the manufacturer. Further detail information is provided in Supplementary data.
The
Livak method was used to analyze the relative quantification RT-PCR data (28) and normalized in all cases taking as 100% the wild-type (control) value, as previously described (29) .
The primers used for qRT-PCR amplification of mRNA and microRNAs are listed on Supplementary Table 1 .
ECG recordings
Mice were anesthetized with 2mg/Kg Ketamine (Parker-Davis) intraperitoneally. Surface electrocardiograms (ECG) were recorded and analyzed using a digital acquisition and analysis system (Power Lab/4SP; www.adinstrument.com). ECG measurements were performed as previously reported (26) (27) (28) (29) ; additional details are provided in Supplementary Methods. 
Cell culture and
Statistical analysis
qRT-PCR data statistical analyses were performed using unpaired Student t-test. Significance level or p values are stated on each corresponding figure legend. One-way ANOVA with Brown-Forsythe post-hoc test was used when appropriate. Group differences were declared significant at p <0.05.
RESULTS
Ventricular-specific Pitx2 deletion leads to ventricular hypertrophy and dilation
Pitx2 display heterogenous expression in the developing ventricles (10, 23, 34, 35) . We analysed the Pitx2 expression levels in right ventricular free wall (RV), left ventricular free wall (LV) and interventricular septum (IVS) in fetal and adult stages. As depicted in Supplementary Figure 1, Pitx2b and Pitx2c display different expression levels in RV, LV, and IVS at both stages. Importantly, while Pitx2b and Pitx2c are moderately low in the embryonic RV, enhanced expression is observed in the adult RV. We therefore generated conditional tissue-specific Pitx2 mutant mice by intercrossing a Pitx2 floxed mouse line (7) with ventricular-specific Cre (Mlc2vCre) deletor (27) Figure 1G -L, and dilation of the right ventricular chamber (~41%; 5/12) as depicted in Figure 1K -L. Curiously, no overt heart-to-body weight ratio significant differences were observed (controls, n=30, 7,18±1,24; Mlc2vCre + Pitx2 -/-, n=20, 6,80±1,31).
Pitx2 loss-of-function leads QRS prolongation
We have recently demonstrated that atrial chamber-specific Pitx2 insufficiency leads to cellular and electrophysiological changes prone to develop atrial arrhythmias (23), supporting GWAS studies that linked PITX2 and atrial fibrillation (11-20). We determine herein if ventricular-specific Pitx2 insufficiency also leads to electrophysiological impairment. ECG recordings on adult Mlc2vCre + Pitx2
-/-hearts demonstrate no significant differences in heart rate (HR) or RR interval as compared to controls ( We have further explored if such electrophysiological defects can be caused by altered expression of those genes encoding ion channels that are genetically associated to long QT syndrome in humans (38) and/or those contributing to similar electrophysiological characteristics in mice (39) , given the overt species-specific differences (37) (38) (39) (40) . As depicted in Figure 3A , no differences in expression are observed for Scn5a and Scn1b in both controls and Pitx2 conditional mutants. However, potassium ion channels involved in the repolarization phase (Kcnq1 and Kcnh2) and resting membrane potential (Kcnj2) of the cardiac action potential are significantly decreased in Mlc2vCre + Pitx2 -/-mouse adult hearts as compared to controls. No significant changes were observed for Kcne1, Kcne2 (data not shown), Kncj12 and Kcnd2 ( Figure 3A) and only a mild decreased was documented for Kcnd3 ( Figure 3A) . Surprisingly, Kcna5 was significantly increased ( Figure 3A) .
Overall, these data suggest that impaired repolarization underlies the prolonged QT interval reported in this mutant model, while depolarization is unaltered, although we cannot exclude that part of the observed ion channel remodeling could be secondary to the hypertrophic features observed in Mlc2vCre + Pitx2 -/-mouse adult hearts.
To get insights if ion channel remodeling in the adulthood was occurring in Mlc2vCre + Pitx2
-/-mice, we analysed by qPCR these genes at fetal stages. Scn5a and Scn1b are similarly expressed in Mlc2vCre + Pitx2 -/-mouse E16.5 ventricular chambers as compared to age-matched controls.
Importantly, potassium channels such as Kcnq1, Kcnh2 and Kcnj2, but not Kcnj12, are significantly decreased in Mlc2vCre + Pitx2 -/-mouse E16.5 ventricular chambers as compared to age-matched controls ( Figure 3B ). In addition, Kcnd2 and Kcna5 are significantly decreased while Kcnd3 is significantly increased in Mlc2vCre + Pitx2 -/-mouse E16.5 ventricular chambers as compared to agematched controls ( Figure 3B) . Thus, electrophysiological defects observed in the Mlc2vCre settings (38) (39) (40) . Nonetheless, these data suggest a pivotal role of Pitx2 regulating potassium channel expression in the developing and adult heart, and supports the notion that Pitx2-mediated electrophysiolgical defects precede the hypertrophic features observed in Mlc2vCre + Pitx2 -/-mutant mice, in line with findings reported in a experimental mouse model of complete AV block (40) .
Pitx2 mediated signalling pathways
The morphogenetic role of Pitx2 has been extensively studied (5-10) and more recently the molecular targets of this transcription factor are progressively emerging (21) (22) (23) (24) (25) . We therefore decided to get further insights into the molecular pathways controlled by Pitx2 in the developing ventricular chambers, by analyzing the mRNA and microRNA expression profiles by microarrays in E16.5
Mlc2vCre + Pitx2 -/-embryos. Considering a fold-change larger than ±1.5 and p-value lower than 0.05, 117 mRNAs were up-regulated and 64 were down-regulated (Supplementary Table 2 Similarly, we conducted a microRNA microarray expression profiling at E16. Figure 5A -B. In addition, Pitx2c overexpression in HL-1 cardiomyocytes is sufficient to induce miR-202, but not miR-344 or miR-409 ( Figure 5C ) and to decrease the expression levels of miR-1, miR-148, miR-199, miR-328 but not miR-7 ( Figure 5D ). Thus, these data demonstrate that Pitx2 plays a pivotal role regulating the expression of a subset of microRNAs in the developing myocardium.
Interestingly several mRNAs which display impaired expression in ventricular-specific Pitx2 insufficient mice are reported to be putative targets of discrete microRNAs deregulated in Mlc2vCre + Pitx2 -/-embryos. In particular, we noticed that the cardiac hypertrophy-related transcription factor (Klf4) Figure 3) .
13
DISCUSSION
Pitx2 insufficiency in the developing ventricular myocardium leads to IVS thickening
Pitx2 is a homeobox transcription factor with a relevant role during cardiogenesis (2) (3) (4) (5) (6) (7) (8) (9) . Seminal papers have demonstrated that lack of Pitx2 in the developing embryo compromised cardiac morphogenesis (7, 8) . More recently, it has been demonstrated that such roles are partially executed in fully mature cardiomyocytes (10) . We have generated chamber-specific conditional Pitx2 mutants with reduced 50-60% expression of Pitx2b and Pitx2c, respectively, as consequence of incomplete
Cre recombination in the developing atrial and ventricular chambers (23, 25, 43) , since both isoforms are expressed at fetal and adult stages (35) . In this setting, Pitx2 insufficiency in the atrial chambers These findings shed the lights on previous controversial findings arguing that Pitx2 distinctly increases (44-47), decreases (48) (49) or has no effect (21) cell proliferation, suggesting therefore a tissue-dependent of Pitx2 on cell cycle regulation.
Pitx2 insufficiency alters ion channel function in the adult ventricular myocardium leading to an increased QT interval.
Recent GWAS in humans have provided evidence of several risk variants located near to PITX2 are highly associated with AF (11-21), supporting a role of PITX2 in AF. Pitx2 atrial-specific insufficiency mice display cellular, molecular and electrophysiological defects that are prone to provoke atrial arrhythmias (23, 25) , in line with other reports (21, 22, 24) . Interestingly, ventricular chamber-specific Pitx2 conditional mutants also present electrophysiological defects as revealed by ECG measurements; both QRS and QT intervals are prolonged. The amplitude of the QT segment is determined by the interval between the depolarization and repolarization of the ventricular chambers (33) , and thus modulated by the conduction propagation and/or the inherent depolarization/repolarization characteristics of the ventricular myocytes. QRS duration, independently as whether defined as the end of the J wave (31) or by the intersection of the S wave with the isoelectric line (30) , underestimates the ventricular conduction assessment in mice (33) . Importantly, morphological examination of the ventricular conduction system reveals no overt alterations, suggesting thus that QT widening is mainly caused by impaired ventricular depolarization/repolarization. In addition, it is important to highlight that Pitx2 ventricular conditional mouse adult hearts displayed increased PR interval, suggesting that a conduction delay in the AVN might be also contributing to the electrophysiological defects recorded in these mice. Interestingly, similar electrophysiological defects have been recently reported by Tao et al. (24) in mice with conditional deletion of Pitx2 in the adult myocardium, yet the underlying molecular mechanisms, in both models, remains to be fully elucidated
We next analysed the molecular determinants of cardiac depolarization and repolarization. No significant differences were observed for the major determinants of depolarization (Scn5a, Scn1b).
Importantly, significant decrease on Kcnh2 and Kcnq1, which might decrease IKr and IKs currents were observed in both fetal and adult hearts. These data are in line with recent reports demonstrating a
Pitx2 regulation of IKr and IKs in HL1 cardiomyocytes (50). Point mutations in KCNH2 and KCNQ1
have been reported in LQT1 and LQT2 syndromes, respectively (51). Interestingly, in mice and rabbits, functional suppression of these channels have been previously reported to cause long QT (52, 53) . Thus, these data suggest that our model can be regarded as a long QT-like mouse mutant model, in line with findings in humans (51, 54) . However, it is important to mention that repolarization phase in mice is also dependent of additional currents, such as ITO (Kcnd2, Kcnd3) and IKur (Kcn5a).
In this context, it is important to highlight that Kcnd2, Kcnd3 and Kcn5a are impaired in Pitx2 ventricular specific mutant at fetal stages. Curiously, only increased Kcn5a is observed at adult stages, demonstrating partially divergent expression pattern in fetal and adult stages. These findings might be regarded as secondary ion channel remodeling contributing to the adult Mlc2vCre + Pitx2
-/-phenotype. In addition, impaired expression of determinants of the resting membrane potential (Kcnj2) are also observed in both fetal and adult stages. Thus these data underscore the notion that Pitx2 modulates multiple pathways contributing to the repolarization phase in the ventricular chambers that, if impair could lead to long QT. In this setting, Pitx2 over-expression experiments in HL1 cells and primary neonatal ventricular cardiomyocytes futher underscore this notion. Overall, our data demonstrate that Pitx2 plays a crucial role controlling several electrophysiological parameters not only in the atrial (22), but also in the ventricular myocardium, which are prone to evoke arrhythmias. Secondly, our data suggest that Pitx2 impairment leads primarily to ion channel
remodeling, yet it remains to be elucidated whether cardiac hypertrophy is cause or consequence of these abnormalities.
Pitx2 regulates miRNA-mRNA interactions leading to cardiac hypertrophy and arrhythmias.
Genome-wide gene expression profiling by means of microarray analyses, and more recently by In addition to genome-wide mRNA gene expression analyses we have also performed microRNA comparative analyses in fetal Pitx2 ventricular-specific insufficient mice. We have identified a subset of microRNAs regulated by Pitx2, as underscored by microarray, qRT-PCR validation and
Pitx2c overexpression experiments in HL-1 atrial cardiomyocytes. Importantly a distinct set of microRNAs are impaired in Pitx2 atrial-specific mouse mutants, contributing to ion channel 16 dysregulation in the atrial chambers (25, 55) . In the ventricular context, it is important to highlight three microRNAs; miR-1, miR-148 and miR-328. Pitx2 is necessary and sufficient to regulate miR-1, miR-148 and miR-328 expression. miR-1 null mutant mice display to conduction disturbances (56) and miR-1 over-expression regulates Kcnj2 expression (57, 58) , providing therefore a direct regulatory link between for Pitx2>miR-1>Kcnj2 in arrhythmogenesis. Moreover, impaired expression of miR-328 in our Pitx2 ventricular-specific insufficient mice further underscores the molecular link between Pitx2 and arrhythmias, since forced expression of miR-328 in the heart leads to atrial fibrillation (59) . In addition, miR-1 has been reported to regulate Kcnj2 (57, 58) as well as Klf4 (41), a transcription factor that critically regulates cardiac hypertrophy (40) . We provide herein evidences that not only miR-1 (41), but also miR148 can also modulate Klf4 expression, supporting therefore that the hypertrophic phenotype observed in our ventricular-specific Pitx2 mouse mutants can be driven by Pitx2 impaired expression of miR-1 and miR-148, impacting on Kfl4 expression and thus resulting in hypertrophy.
In summary our data demonstrate that Pitx2 insufficiency in the ventricular chamber leads to cellular and molecular remodeling, mediated in part by microRNAs, which results in hypertrophic ventricular chambers and electrophysiological defects resembling long QT. 
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